Introduction
After an initial adjustment to a tool, specimens twisted under high axial compression do not change their shape and withstand unlimited amount of plastic deformation.
The initial non-steady material ow (up to strain ≈ 20 reported in [13] ) is followed by a steady ow where no further work hardening and structural changes are observed.
Looking at other severe plastic deformation experiments [4, 5] it seems that crystalline materials at yield behave as a special kind of incompressible, anisotropic, highly viscous uids. The material ow through the crystal lattice has been regarded by Asaro [6] as crystal plasticity basic tenet. The microscopic inspection reveals a structural adjustment of the crystal lattice to the material ow seen as a deformation substructure. High viscosity provides a possibility to describe the ow as a quasi-static process, where inertial forces can be neglected. The ow through the lattice is restricted to preferred crystallographic planes and directions causing anisotropy. In the deformation process the lattice is strained and rotated.
Changes in the distances among lattice positions measured by the lattice strain are relatively small, therefore, in the outlined model the material is considered as rigid--plastic, the lattice can be adjusted to the ow by local reorientations.
Flow model
Kinematics of the model is characterized by the velocity eld v(x, t), the slip rates ν (i) (x, t), i = 1, 2, . . . , I, and the lattice rotation R(x, t); x is a position in the current conguration and t means time. v and ν (i) describe the material ow in the current conguration, and R controls the orientation of the lattice in the current * e-mail: kratochvil@fsv.cvut.cz conguration with respect to the lattice reference conguration. Instead of the traditional decomposition rule 
where the velocity gradient L = ∇v has two parts: the lattice spin Ω L =ṘR
T which measures the adjustment rate of the lattice, and the rate of material ow con- The symmetric part of (1) yields the quasistatic ow equations represented by the stretching D,
The antisymmetric part of (1) provides the evolution * The gradient F and slips γ (i) are not dened in the model. If needed, they may be recovered a posteriori. For a chosen reference conguration F can be revealed by time integration of the velocity gradient eld,Ḟ F −1 = L. Similarly, the slip strains carried by individual slip systems could be obtained from the corresponding slip rates ν (i) by a posteriori time integration.
Generally, R does not correspond to a gradient of a vector eld, i.e. R may be incompatible. As seen by an observer in the current conguration a measure of incompatibility is the density tensor Λ of excess dislocations (called usually geometrical necessary dislocations (GNDs)), (cf. [7] eq. (6.6))
In the present model the GND density tensor Λ represents the result of the fragmentation process modeling misoriented deformation substructures seen in electron micrographs.
Dynamics of the deformation process is governed by the Cauchy stress T (x, t) and critical resolved shear stresses τ
y (x, t). The stress has to satisfy quasistatic stress equilibrium div T = 0.
The Cauchy stress T controls the slip rates ν (i) through the resolved shear stresses τ
Constitutive equations. In the rigid-viscous-plastic version of the ow model the resolved shear stresses τ (i) are assumed to be coupled with the slip rates ν (i) through a power law constitutive equation
where r > 0 is a scalar material parameter, which controls the rate sensitivity; for r → 0 the constitutive relation (7) represents a rate independent limit, i.e. the material is idealized as rigid-plastic.
The critical resolved shear stresses τ
y > 0 representing dissipative internal forces that oppose slip are assumed to be governed by the evolution equationṡ
where H ij is a local hardening matrix. In (8) the terms (s In [10] it is argued that the GND density tensor Λ is insucient to describe the hardening process. The non--local interactions can be expressed as integral terms dependent on close range correlations among dislocations.
However, specication of the correlation functions and an approximation of the integral terms by gradients remain an open problem. Therefore, the gradient term in (8) derived for parallel dislocation segments should be understood as a rough approximation.
Results and discussion
In summary: a ow-adjustment boundary value problem involves the following system of equations: the quasi static ow Eqs. (2), the constitutive Eq. (7) incorporating (6) and the equilibrium Eq. (5) accompanied by the evolution equations for R and τ (i) y given by (3) and ( The outlined approach is designed to model a deformation substructure represented by the adjusted lattice.
The substructure formation can be modeled as an instability of the homogeneous ow, e.g. [9] . However, similarly as the standard crystal plasticity, the ow model without the gradient terms in (8) predicts singular physically non-realistic substructure features: singular substructure orientation and zero size of their patterns. To reach a better agreement with the observations the model should be enriched by dislocation mechanisms which control the plastic ow. At present there is no unique recipe how to formulate an adequate model. In principle, in crystalline materials a spectrum of the mechanisms may be activated, however, for a particular instability mode and loading conditions usually one of the mechanisms becomes dominant, e.g. the width of persistent slip bands is controlled by an inner structure of the bands [12] , the close range dislocation interactions control the orientation and size of misoriented patterns [9] . As an example, the outlined model is enriched by the statistically motivated higher gradients of slip rates introduced in the hardening Eq. (8) . In Ref. [9] it has been shown that such gradient terms lead to a nite dislocation pattern size and a more realistic substructure misorientation. The line tension of dislocations introducing higher gradients through the dislocation line curvature seems to be another mechanism [13] .
Nevertheless, in the outlined ow model an important ingredient is still missing. Besides the incorporated polar dislocation substructure, i.e. GNDs, there exist dipolar dislocation clusters not accompanied by the crystal lattice misorientations. They consist mainly of dislocation dipoles and loops (tangles, veins, walls), e.g. [12] , which serve as a storage of dislocations and places of their annihilation and generation.
Conclusion
Using an allegory, a ductile material in a plastic regime tries to build a highway system of misoriented regions and lamellae of localized shear to minimize the energy cost of the plastic trac. In the system the dipolar clusters serve as service stations which provide fresh carriers of plastic deformation and store or destroy out-of-service carriers (the dipolar clusters provide often a subsidiary service only, as polar boundaries can annihilate and generate glide dislocations as well). The art of metallurgy is to hinder the plastic trac as much as possible and to allow it only at higher applied stresses and temperatures, but not to stop the trac entirely. Hindering the trac raises material strength, but stopping it could result in a dangerous brittleness.
